Aseptic prosthesis loosening, caused by wear particles, is one of the most common causes of arthroplasty failure. Extensive and over-activated osteoclast formation and physiological functioning are regarded as the mechanism of prosthesis loosening. Therapeutic modalities based on inhibiting osteoclast formation and bone resorption have been confirmed to be an effective way of preventing aseptic prosthesis loosening. In this study, we have investigated the effects of sophocarpine (SPC, derived from Sophora flavescens) on preventing implant loosening and further explored the underlying mechanisms.
Introduction
Aseptic implant loosening is one of the most common complications of long-term total joint arthroplasty (TJA), which would eventually require a revision surgery. There were 38 310 hip and 16 711 knee revision surgeries performed in the UK due to aseptic loosening, between April 1, 2003 and December 31, 2015 (Porter, 2016 . This is generally considered to be caused by an adverse response to implant-derived wear particles emanating from material components, including ultra-high molecular weight polyethylene (UHMWPE) and metal biomaterials (Jiang et al., 2013; Gallo et al., 2014; Pajarinen et al., 2014) . These wear particles stimulate the secretion of chemokines and pro-inflammatory cytokines, including TNF-α, IL-1β, IL-6, IL-11 and PGE 2 , which may provoke a local inflammatory reaction that increases osteoclastogenesis and bone resorption, resulting in periprosthetic osteolysis, dense pseudomembrane formation and reduced implant fixation properties (Ingham and Fisher, 2005; Holt et al., 2007; Purdue et al., 2007; Athanasou, 2016) . Therefore, a potential therapeutic strategy to prevent implant loosening is to suppress osteoclast over-formation and its functions.
Osteoclasts, originating from haematopoietic monocytes and macrophages, are fused multinucleated giant cells with the principal function of bone resorption. The differentiation of osteoclasts require stimulation by macrophage colonystimulating factor (M-CSF) and receptor activator of NF-κB ligand (RANKL) (Kong et al., 1999; Takahashi et al., 2003) and involve activation of downstream signalling pathways, such as the MAPK and NF-κB signalling pathways (Pearson et al., 2001; Takaesu et al., 2001) . This in turns further leads to the activation and up-regulation of two crucial transcription factors for osteoclast formation, c-Fos and nuclear factor of activated T cells c1 (NFATc1) (Takayanagi et al., 2002; Boyle et al., 2003) . The osteoclasts play their role in bone resorption through membrane polarization and the formation of an actin-rich sealing zone, which lead to the secretion of acids and proteolytic enzymes that dissolve and degrade the mineralized bone matrix (Boyle et al., 2003; Jurdic et al., 2006) .
Due to the key role of osteoclasts in periprosthetic osteolysis and related implant loosening, drugs targeting the suppression of osteoclastic signalling pathways are found to be effective in preventing and treating the disorder. These include bisphosphonates, sclerostin antibody and strontium ranelate (Liu et al., 2012b Qu et al., 2013) . Sophocarpine (SPC) ( Figure 1A ) is one of the major bioactive compounds derived from the natural plant Sophora flavescens, which is widely distributed in Russia, Japan, India and China.
Anti-inflammatory, anti-tumour, anti-allergic, cardioprotective and neuroprotecive effects have been demonstrated in previous studies (Yang et al., 2011; Yifeng et al., 2011; Gao et al., 2012; Wang et al., 2012; Li et al., 2014; Zhang et al., 2016a) . SPC can inhibit LPS-induced inflammation in RAW 264.7 cells via the NF-κB and MAPKs signalling pathways (Gao et al., 2009 (Gao et al., , 2012 . Additionally, the cardioprotective effects SPC as reported in another study, involved suppression of the NF-κB signalling pathway . However, little is known about the effects of SPC on osteoclasts and osteolytic-related diseases. As the NF-κB and MAPKs signalling pathways are important in osteoclast formation and SPC is known to suppress these signalling pathways in macrophages, we hypothesized that SPC might prevent particle-induced implant loosening by inhibiting osteoclast formation and functioning.
Our study showed that SPC attenuated osteoclast formation and function by suppressing the NF-κB signalling pathway in vitro, and its likely target might be the IκB kinase (IKKs). We further confirmed that SPC prevented particleinduced prosthesis loosening by inhibiting osteoclast formation via suppression of the NF-κB signalling pathway in vivo.
Methods
Bone marrow-derived macrophage (BMM) culture and cell viability assay Primary rat bone monocyte/macrophage precursors were isolated from the long bones of male Sprague-Dawley rats weighing about 100 g and cultured in α-MEM supplemented with 10% (v/v) FBS, 2 mM L-glutamine, 100 U·mL À1 penicillin/streptomycin (complete α-MEM) and 30 ng·mL À1 M-CSF for 2 days to induce differentiation into BMMs. Cell culture was carried out within a 37°C humidified incubator containing 5% (v/v) CO 2 , until cells were fully confluent. To explore the ratio of macrophage population in the whole cell population after 2 day culture, we collected the cells and analysed using flow cytometry.
Cells were seeded into 96-well plates at a density of 2 × 10 4 cells per well for 24 h and subsequently treated with or without different dilutions of SPC (0.31-2 mM) for 48 or 96 h. Subsequently, the CCK-8 assay was used to assess the cytotoxic effects of SPC by adding 10 μL of CCK-8 buffer into each well, and the plate was incubated for another 4 h. The OD was measured by using an ELX800 absorbance microplate reader (Bio-Tek Instr., Winooski, VT, USA) at a wavelength of 450 nm (650 nm reference). manufacturer's protocol. TRAP-positive cells with more than three nuclei were considered as mature osteoclasts, and their number and spread area were quantified under microscopy.
Osteoclast differentiation and TRAP staining

Immunofluorescence staining for F-actin ring formation
To observe F-actin ring formation, BMM were cultured on bovine bone slices with M-CSF and RANKL for 5 days and were subsequently treated with serial dilutions of SPC (0, 0.25, 0.50 or 1.00 mM) for another 48 h. The cells were then fixed in 4% (w/v) PFA for 30 min and subsequently permeabilized for 5 min with 0.2% (v/v) Triton X-100, followed by being incubation with rhodamine-conjugated phalloidin diluted (1:100) in 0.2% (w/v) BSA-PBS for 1 h at room temperature. Then the cells were stained with 4 0 , 6-diamidino-2-phenylindole (KeyGen Biotech, Nanjing, China) for 5 min to visualize their nuclei and mounted with ProLong Gold anti-fade mounting medium (Invitrogen, Life Technologies Corp, Carlsbad, CA, USA). Samples were analysed, and fluorescence images were captured using a NIKON A1Si spectral detector confocal system equipped with 40 × (dry) lenses. Five wells were randomly chosen in each group to calculate the number and size of the F-actin ring cells by using the Image J software.
Bone resorption pit assay
BMM cells were treated with 30 ng·mL À1 M-CSF and 50 ng·mL
À1
RANKL for 4 days. Equal numbers of osteoclasts were seeded overnight on bovine bone slices in 96-well plates. Cells were then cultured in complete α-MEM containing 30 ng·mL À1 M-CSF and 50 ng·mL À1 RANKL with different concentrations of SPC (0, 0.25, 0.50 or 1.00 mM) for another 48 h. Cells were gently removed by mechanical agitation, and resorption pits were observed under a scanning electron microscope (SEM) (S-4800, Hitachi, Japan). Five random fields per bone slice were selected for quantitative analysis, and independent experiments were repeated at least five times. The area of bone resorption was quantified using Image J software.
Cell culture, RNA isolation and quantitative PCR
To detect the effects of SPC on osteoclast formation and functions, BMM cells were seeded at a density of 10 × 10 4 cells per well in 6-well plates and cultured in osteoclastogenic medium (complete α-MEM containing 30 ng·mL À1 M-CSF and 50 ng·mL À1 RANKL) with different ways of SPC treatment. To detect its effects on osteoclast formation, cells were cultured in osteoclastogenic medium with varying doses of SPC (0, 0.25, 0.50 or 1.00 mM) for 5 days or 1.00 mM SPC for 0, 1, 3 or 5 days. To explore its effects of SPC on osteoclast function, cells were cultured for 5 days until mature osteoclasts formed and subsequently treated with indicated doses of SPC for another 48 h.
To evaluate the effects of SPC on osteogenic differentiation, osteoblasts were cultured in 6-well plates in osteoinductive medium supplemented with varying concentrations of SPC (0, 0.25, 0.50 or 1.00 mM) for 7 or 14 days.
To investigate the effects of SPC on inflammation induced by titanium (Ti), BMMs were cultured in 6-well plates with complete medium containing 30 ng·mL À1 M-CSF, 0.1 mg·mL À1 Ti particles and varying doses of SPC (0, 0.25, 0.50 or 1.00 mM) for 4 h. Total cellular RNA was extracted according to the manufacturer's instructions using the Qiagen RNeasy Mini kit (Qiagen, Valencia, CA, USA), and total RNA (≤1000 ng) was reverse-transcripted into cDNA in a 20 μL-reaction volume using a Double-Strand cDNA Synthesis Kit (Takara, Dalian, China). The PCR reaction was performed with 1 μL of cDNA as template in triplicates using the Power SYBR® Green PCR Master Mix (Takara) on the ABI StepOnePlus System (Applied Biosystems, Warrington, UK). The cycling conditions were as follows: 95°C for 30 s and then 40 cycles of 95°C for 5 s and 60°C for 30 s. GAPDH was utilized as the housekeeping gene and independent experiments were repeated at least three times. The rat primer sequences were as follows: GAPDH: forward, 
Western blot analysis
Immunocytochemistry of NF-κB nuclear translocation
BMMs were cultured on cell glass slides in a 24-well plate at a density of 3 × 10 4 per well. BMMs were stimulated with 50 ng·mL À1 RANKL for 10 min, with or without pretreatment with 1.00 mM SPC for 4 h, followed by fixation in 4% (w/v) PFA for 30 min at 4°C. After being permeabilized and blocked for 30 min in 0.2% (w/v) Triton X-100 and 5% (w/v) BSA at 4°C, cells were incubated with anti-p65 antibody overnight. BMMs were then incubated with an appropriate fluorescence-conjugated secondary antibody for 2 h and stained with DAPI for 10 min. The nuclear translocation of NF-κB was subsequently examined under fluorescence microscopy (Leica, Wetzlar, Germany).
Animals
All animal care and experimental protocols complied with the Guide for the Care and Use of Laboratory Animals promulgated by the United States National Institutes of Health and was approved by the Animal Care and Use Committee of Zhejiang University. Male adult Sprague-Dawley rats weighing 350-400 g were obtained from the Experimental Animal Center of Zhejiang University. All animals were held in a room at 24 ± 2°C, 60% humidity and 12/12 h light/dark cycle with free access to food and water, with two animals per cage. Animals were evaluated daily for signs of pain, distress or morbidity visually, while their weights were recorded weekly. Animals with such signs or with 10% acute weight loss were killed humanely prior to the endpoint. In this study all efforts were made to minimize animal suffering and the number of animals used. Animal studies are reported in compliance with the ARRIVE guidelines (Kilkenny et al., 2010; McGrath and Lilley, 2015) .
Establishment of implant loosening model in rats
Titanium (Ti) rods (1.5 mm in length and 15 mm in diameter) were supplied by the Experimental Research Center of Mechanics, Zhejiang University, and commercially available pure Ti particles were obtained from Johnson Matthey (Ward Hill, MA, USA). Ti rods and Ti particles were prepared by baking at 180°C and subsequent mixing with 70% (v/v) ethanol for 48 h to remove endotoxin and ensure sterility (Liu et al., 2009) . A suspension of Ti particles was prepared as reported previously (Liu et al., 2012a; Bi et al., 2015) . Sixty-six male Sprague-Dawley rats weighing 350-400 g were randomly allocated into three groups (n = 22 per group): the Ctrl group, the Ti group and the SPC group. Ti particles were used in the Ti group and the SPC group in the surgery, while vehicle was applied in the Ctrl group. After surgery, rats were treated with 20 mg·kg À1 ·day À1 SPC in the SPC group, while PBS was administered to the Ctrl and Ti groups. The rat model was established as previously reported (Liu et al., 2012b; Bi et al., 2015) . Briefly, rats were anaesthetized with intramuscular xylazine (2 mg·kg À1 ) and ketamine (50 mg·kg À1 ), and bilateral intramedullary Ti rod implantation was performed in distal femurs under aseptic conditions. An implant was inserted into the medullary canal created parallel to the long axis of the femur to achieve a press fit fixation. Before Ti rod insertion, the suspension with 30 mg Ti (about 5 × 10 7 particles) was injected into the canal of rats in the Ti and SPC groups to induce implant loosening, while PBS was injected in the Ctrl group. SPC/PBS was injected i.p. every day after surgery, and the body weight of the animals was measured weekly to adjust the drug dosage. Buprenorphine (0.3 mg·kg À1 s.c.)
and carprofen (4 mg·kg À1 p.o.) were administered pre-and post-operation for analgesia respectively. Penicillin G Procaine 6000U•kg À1 ) was injected i.m. daily to prevent infection after operation for 3 days; 30 mg Ti suspension/PBS was re-injected into the knee joint cavities every other week from the second week postoperatively. Four and 12 weeks after surgery, rats (n = 11 per group) were killed with administration of an overdose of pentobarbital (90 mg·kg À1 , Sigma Chemical Co., St. Louis, MO, USA), and specimens were collected for further examination. Six femurs were collected for biomechanical testing, and they were wrapped with gauze in normal saline and stored at À20°C at each respective analysis point. The remaining femurs were fixed in 4% (w/v) PFA for bone mineral density (BMD), micro-CT, histological and immunohistochemical analyses. The blood of animals was also collected, and serum was stored at À80°C for biochemical analysis (Supporting Information Figure S2A , B).
Peri-implant site BMD measurement
The BMD values of the peri-implant site (n = 11 per group) ( Figure 5A ) were assessed by using dual-energy X-ray absorptionmetry (iDXA; GE Lunar Prodigy, Madison, WI, USA). Femurs were placed in the same position, and the area beside the implant was regarded as the region of interest (ROI) for determining the BMD values.
Micro-CTscanning and analysis
Seven femurs from each group at each observation time point were subjected to micro-CT scanning with an isometric resolution of 14.8 μm, using a Scanco μCT100 instrument (Scanco Medical, Bassersdorf, Switzerland). Three dimensional (3D) reconstructions of distal femurs were performed with the constrained Gaussian filter (σ = 1.2, support = 2) to partly suppress the noise in the volumes. A multilevel thresholds procedure (thresholds ranging from 220 to 520) was used to distinguish bone from other tissues and metal in vivo (Gabet et al., 2008) . The area at a distance of 500 μm from the surface of implant was regarded as ROI. The parameters of bone trabecula surrounding the implant were quantified and analysed as previously reported (Bi et al., 2015) , including the bone volume/total volume (BV/TV), connective density (Conn.D), structural model index (SMI), trabecular number (Tb.N), trabecular thickness (Tb.Th) and trabecular separation (Tb.Sp).
Biomechanical test of the implant pulling-out strength
A total of 30 femurs (n = 6 per group at each observation time) being stored at À20°C were thawed completely at 4°C overnight before biomechanical testing. Pull-out testing was performed as previously described (Liu et al., 2012a; Bi et al., 2015) . Briefly, as shown in Figure 7A , the distal femur with implant inside was fixed vertically in dental cement and positioned on the platform with a canal in the middle. A 1.5-mmdiameter indenter was used to push the implant out of the bone cavity with a speed of 1 mm·min À1 , and the maximum fixation strength was recorded by using a Zwick/Roell 2.5 material testing system (Zwick, Ulm, Germany).
Histological and immunohistochemical analysis
After complete decalcification of the bone samples in 10% (w/v) EDTA (pH = 7.4), the rods in the remaining specimens were removed and specimens were dehydrated and embedded in paraffin and then cut into five-micron thick sections. Sections at a distance of 1 mm proximal to the distal femoral growth plate were selected for the histological analysis. Haematoxylin and eosin (H&E), Masson and TRAP staining were performed on the tissue sections, as previously described (Chen et al., 2015; Zhang et al., 2016b) , and specimens were examined and measured under light microscopy (Olympus BX51, Tokyo, Japan). Parameters that were used for histological evaluation of osteolysis around the implant, including bone-implant contact (BIC), ratio of bone area/total area (B.Ar/T.Ar) and mean thickness of the pseudomembrane. The area at a distance of 500 μm from the implant surface was regarded as ROI. Quantitative analysis of the mean thickness of pseudomembrane, BIC and B.Ar/ T.Ar were performed in accordance with a previous study (Li et al., 2013) . Briefly, B.Ar/T.Ar was measured through the trabecular area in the visual field/total area (Supporting Information Figure S3B ); BIC was measured through the length of contact perimeter of the implant (green line), with the red line representing the uncontacted portion (Supporting Information Figure S3C ), while mean thickness of the pseudomembrane was measured as the total area of the pseudomembrane surrounding the implant/perimeter of the implant (Supporting Information Figure S3D ). The quantitative data of TRAP-positive multinucleated osteoclasts formed on the bone surface were collected for each sample.
The levels of NLS-p65 around the implants were analysed using an immunohistochemistry staining accessory kit (Boshide, Wuhan, China) according to the manufacturer's suggested protocol. At least five images (magnification 40×) from the fields at a distance of 300 μm from the implant in each section per femur were randomly selected and measured as a means of quantitatively analysing p65-positive cells. The Image-Pro Plus 6.0 software (Media Cybernetics Inc, Maryland, USA) was utilized for quantification.
Serum biomarkers
After death, rat blood (n = 10) was collected via the abdominal aorta and centrifuged to separate serum at 425× g for 5 min at 4°C as described previously (Liu et al., 2012a) and then stored at À80°C. Serum CTX-1 level was analysed according to the manufacturer's protocol using specific ELISA kits. All samples, diluted appropriately, were assayed three times.
Data and statistical analysis
The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015) . All experiments were measured by investigators blinded to the treatment. Data were expressed as mean ± SD. Each experiment was repeated at least five times independently and the results were analysed with SPSS 16.0 software (SPSS, Chicago, IL, USA). An unpaired t-test was used for the comparisons between two groups. One-way ANOVA with post hoc Newman-Keuls test was used to analyse differences in multiple comparisons. A probability level of P < 0.05 was considered statistically significant. A post hoc statistical power calculation was performed using G*Power 3.1 software (Dept. of Psychology, Univ Bonn, Germany), which showed that differences of 20% could be reliably detected with a power of more than 80%. Note that the values of the B.Ar/T.Ar ratio at 4 weeks were not covered by this calculation.
Materials
Modified Eagle's medium (α-MEM), FBS and penicillin/ streptomycin were purchased from Gibco-BRL (Sydney, Australia). SPC, purchased from Selleck Chemicals (Houston, USA), was dissolved in DMSO and stored at À20°C in the dark, prior to being utilized in experiments. The Prime Script RT reagent kit and SYBR® Premix Ex Taq ™ II were purchased from TaKaRa Biotechnology (Otsu, Shiga, Japan). The cell counting kit (CCK-8) was purchased from Dojindo Molecular Technology (Kumamoto, Japan 
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www.guidetopharmacology.org, the common portal for data from the IUPHAR/ BPS Guide to PHARMACOLOGY (Harding et al., 2018) , and are permanently archived in the Concise Guide to PHARMA-COLOGY 2017 /18(Alexander et al., 2017a .
Results
SPC suppresses RANKL-induced osteoclastogenesis of rat BMMs with negligible cytotoxicity
As shown in Supporting Information Figure S1 , flow cytometry results revealed that more than 90% of the whole cell population were CD11b positive cells, after 2 days culture in the complete medium with M-CSF. To assess the cytotoxicity of the compound, BMMs were exposed to varying doses of SPC ranging from 0 to 2 mM for 48 and 96 h. No toxic effects of SPC were found up to the maximal concentration ( Figure 1B ). BMMs were then cultured with 30 ng·mL À1 M-CSF and 50 ng·mL À1 RANKL with different doses of SPC (0.25, 0.5 and 1 mM) or DMSO of same volume. Dose-dependent suppression of osteoclast formation was confirmed, as indicated by the decreasing number of and area occupied by TRAP-positive multinucleated cells ( Figure 1C-E) . Moreover, TRAP-positive osteoclasts began to fuse and form after two-day RANKL treatment of the control, whereas significant inhibition of osteoclast differentiation was observed upon treatment with 1 mM SPC ( Figure 1F-H) .
To investigate which stage of osteoclastogenesis was impaired by SPC, cells were treated with 1 mM SPC at days 1-3 of RANKL stimulation (early stage), days 3-5 (late stage) or days 1-5 (early + late stage). As reported, BMMs proliferate in the early stage, and fuse with one another, forming a multinuclear cell in the late stage (Ikeda and Takeshita, 2016) . As shown in Figure 1I -K, a small but marked reduction in the number and size of osteoclasts were observed with early-stage SPC administration. However, no difference was found between the control group and late-stage SPC administration. In the early + late stage SPC administration group, a significant decrease in the size and number of osteoclasts was observed. Collectively, these data confirmed the effects of SPC on inhibiting osteoclast differentiation with negligible cytotoxicity, specific to the early stage and the entire period of RANKL stimulation.
SPC attenuates the formation of F-actin ring and bone resorption in vitro
To further investigate the effects of SPC on osteoclast function, we investigated whether SPC could suppress formation of F-actins, which is generally regarded as a prerequisite for osteoclast bone resorption (Wilson et al., 2009) . As shown in Figure 2A , a characteristic F-actin ring formed in osteoclasts without SPC treatment, as visualized by phalloidinAlexa Fluor 647 staining. In contrast, the sizes of F-actin rings were reduced, and more pleomorphic F-actin rings appeared under SPC treatment in a dose-dependent manner ( Figure 2C) .
With DMSO or different SPC concentrations, mature osteoclasts were next cultured on bone slices to perform an osteoclastic bone resorption assay. We detected large bone resorption pits on the bone surface by SEM analysis in the control group, that is, without SPC treatment ( Figure 2B ). This resorption area was reduced, in a dose-dependent manner, after treatment with 0.25, 0.5 and 1 mM SPC, compared to the control group ( Figure 2D ). Therefore, these findings suggested that SPC reduced osteoclastic bone resorption in vitro.
SPC down-regulates osteoclast-specific gene expression levels in vitro
To further clarify the role of SPC on osteoclast differentiation and function, we utilized quantitative PCR (qPCR) to examine mRNA expression levels of osteoclast-specific genes, which are generally up-regulated during the process of osteoclastogenesis (Boyle et al., 2003) . The data indicated that the mRNA expression levels of several markers of osteoclast differentiation, including cathepsin K, TRAP, NFATc1, c-Fos, DC-STAMP and V-ATPase d2, were all significantly upregulated upon induction by RANKL during the osteoclast differentiation process. However, clear dose-and timedependent suppressions were observed after day 3, in the groups with SPC treatment during osteoclastogenesis ( Figure 3A, B) . Moreover, the mRNA expression levels of cathepsin K, TRAP and V-ATPase d2, which are crucial for mature osteoclast functions, were also inhibited after 48 h of SPC treatment in mature osteoclasts ( Figure 3C ).
SPC inhibits rat osteoclast formation by suppressing activation of the NF-κB signalling pathway without affecting MAPK signalling pathways in vitro
We next used Western blotting to explore the exact mechanism by which SPC inhibits osteoclastogenesis. As the NF-κB and MAPK signalling pathways are recognized as the main signalling mechanisms in osteoclastogenesis (Boyle et al., 2003; Stevenson et al., 2011) , we investigated further to confirm whether SPC suppressed osteoclast formation through these two signalling pathways. Upon RANKL stimulation, the phosphorylation of p65, ERK1/2, JNK1/2 and p38 in BMMs were elevated. However, in the SPC-treated group (1 mM), there was an increase in p65 phosphorylation after 5 and 10 min stimulation with RANKL, but not to the same extent as RANKL alone, whereas no inhibition was observed in the phosphorylation of ERK1/2, JNK1/2 and p38 ( Figure 4A , B and Supporting Information Figure S4A-C) . The results thus showed that SPC impaired the NF-κB signalling pathway rather than the MAPK signalling pathway.
To elucidate the mechanism by which SPC inhibited osteoclastolgenesis through NF-κB signalling, we explored the cascade of signalling proteins related to the pathway. In canonical NF-κB signalling associated with osteoclast formation, activation of RANK results in the phosphorylation of the IκB kinase (IKK) complex, which could promote the phosphorylation and degradation of IκBα downstream, leading to phosphorylation and nuclear translocation of p65, which then initiates activation of the downstream pathway (Yu et al., 2014) . As shown in Figure 4C -F, we found that the phosphorylation of IκBα and IKK was down-regulated by SPC treatment, along with inhibition of degradation of IκBα. To confirm the exact molecular target of SPC, we explored its effect on the upstream regulatory factor TAK1. Interestingly, no change was observed when BMMs were incubated with RANKL or RANKL combined with SPC ( Figure 4G, H) , showing that IKKs might be the targets of SPC. Moreover, immunofluorescence staining revealed that the RANKL-induced nuclear translocation of p65 was blocked upon pretreatment with SPC ( Figure 4I ).
NFATc1, the downstream transcription factor of NF-κB signalling, serves as the master regulator of osteoclastogenesis (Yamashita et al., 2007) . It induces the marker gene expression of mature osteoclasts, such as cathepsin K and TRAP. In our study, we found that protein expression levels of NFATc1 and cathepsin K increased in a time-dependent manner at 1, 3 and 5 days in the presence of RANKL. However, SPC and cell lysates were analysed by Western blotting using primary antibodies specific to phospho-p65, p65, phospho-ERK1/2, ERK, phospho-JNK1/2, JNK, phospho-p38, p38, phospho-IκBα, IκBα, phospho-IKKα/β, IKKα/β and α-tubulin. (B, D, E, F) (n = 5). The grey levels of phospho-p65 and phospho-IKKα/β were analysed by being normalized to total p65 and IKKα/β. The grey levels of phospho-IκBα and IκBα were normalized to α-tubulin. (G) Rat BMMs were pretreated with 1.00 mM SPC or DMSO for 4 h and subsequently treated with 50 ng·mL À1 RANKL for 0 or 5 min. Cell lysates were analysed by Western blotting using primary antibodies specific to phospho-TAK1 and TAK1 (n = 5). (H) The grey level of phospho-TAK1 was normalized to TAK1. (I) Rat BMMs were pretreated with 1.00 mM SPC or DMSO for 4 h and then stimulated with 50 ng·mL À1 RANKL for 10 min. Cells were fixed and incubated with DAPI and a specific primary antibody against NF-κB/p65. NF-κB/p65 (green) and nuclei (blue) were detected under fluorescence microscopy (Leica) (n = 5). (J) Rat BMMs were cultured with or without 1.00 mM SPC in culture media containing M-CSF (30 ng·mL
À1
) and RANKL (50 ng·mL
) for 0, 1, 3 and 5 days. Cell lysates were analysed by Western blotting using specific antibodies against NFATc1 and cathepsin K (n = 5). (K, L) The grey levels of NFATc1 and cathepsin K were normalized relative to β-actin using Image J Software. Values expressed are means ± SD; *P < 0.05, significantly different from the control group. treatment strongly inhibited the elevation of protein expression levels of NFATc1 and cathepsin K (Figure 4J-L) . Consequently, SPC inhibited rat osteoclastogenesis through the NF-κB signalling pathway.
SPC has no effects on the osteogenic differentiation of rat primary osteoblasts
As suppression of the NF-κB signalling pathway was previously reported to up-regulate osteoblast differentiation (Novack, 2011) , we next investigated the effects of SPC on the osteogenic differentiation of rat primary osteoblasts. No cytotoxicity of SPC was detected in osteoblasts up to 1 mM (Supporting Information Figure S5A ). As shown in Supporting Information Figure S2B , C, no differences were observed between osteoblasts treated with osteoinductive medium in the presence of 0, 0.25, 0.50 or 1 mM SPC, as shown by ALP staining at 7 days and Alizarin Red S staining at 14 days (Supporting Information Figure S5B , C). The unchanged mRNA expression levels of ALP, sp7, RUNX2 and OCN in each group on day 14 further confirmed the previous observation (Supporting Information Figure S5D ).
Administration of SPC inhibits implant loosening in a rat femoral model
To investigate the effects of SPC on wear-particle implant loosening, we utilized a rat femoral model. The administration of 20 mg·kg À1 SPC daily was found to have the beneficial effect of preventing inflammation in rats (Yifeng et al., 2011) . Therefore, this dose was utilized for subsequent experiments. As shown in Supporting Information- Figure S6 , significant reduction in body weight was found in the Ti group from week 5 to the end, as compared with the control group. Comparable increase in body weights were observed in the SPC group, relative to the Ti group in the last 3 weeks.
Bilateral femurs were collected and analysed by iDXA to determine the BMD of the peri-implant bone. The results ( Figure 5B ) indicated that the BMD of the Ti group was markedly decreased in comparison with the control at 4 and 12 weeks post-surgery. The BMD of the SPC group was higher than that of the Ti group at 12 weeks after administration, but no differences were found at 4 weeks post-surgery.
In order to further confirm the protective effects of SPC on particle-induced bone loss, specimens were analysed by micro-CT imaging and histological staining. According to 3D reconstruction of micro-CT images, peri-implant bone loss was detected in the Ti group at 4 and 12 weeks postsurgery, compared with the control group. However, bone resorption in the SPC group was considerably lower than that in the Ti group ( Figure 6A, D) at both time points. Quantification of bone parameters presented as BV/TV, Conn.D, SMI, Tb.N, Tb.Sp and Tb.Th confirmed the beneficial effects of SPC in suppressing bone loss ( Figure 6G) . Notably, peri-implant bone mass of the group with long-term SPC administration (12 weeks) demonstrated the high efficacy of SPC in preventing bone loss. Histological assessment ( Figure 6B , C, E, F) showed that the presence of Ti particles led to abnormal structure at the bone-implant interface, with increased pseudomembrane and reduction of bone-implant contact at 4 and 12 weeks post-surgery. However, rats in the SPC group, sampled at the same times, exhibited attenuated formation of pseudomembrane and improved bone-implant contact. The quantitative histomorphometry analysis supported these findings ( Figure 6H ). At 4 weeks post-surgery, the Ti group exhibited less BIC and thicker pseudomembrane when compared to the control group, whereas SPC treatment significantly enhanced BIC and inhibited pseudomembrane formation. However, there were no significant differences in B.Ar/T.Ar among the three groups. At the late stage (12-weeks), lower B.Ar/T.Ar and BIC, as well as thicker pseudomembrane, were observed in the Ti group. Nevertheless, supplementation with SPC significantly inhibited periimplant trabecular loss and formation of interface membrane, as well as improved bone-implant contact, consistent with the iDXA and micro-CT results.
Biomechanical testing was performed to investigate the effects of SPC on maintaining implant stability within the medullary cavity. The outcomes are presented as the maximal fixation strength ( Figure 7B ). Particle-induced implant loosening resulted in lower maximal fixation strength in the Ti group, as compared to the control group at 4 and 12 weeks post-surgery respectively. However, in the SPC group, the maximal fixation strength improved significantly, compared with that in the Ti group at both 4 and 12 weeks post-surgery.
Administration of SPC suppresses osteoclastogenesis and serum marker of bone resorption in vivo TRAP staining and serum analysis were used at 12 weeks to investigate whether SPC prevented implant loosening by inhibiting osteoclast formation and activity at the boneimplant surface. A significantly increased number of multinucleated osteoclasts being formed at the lining of the eroded bone surface in the presence of particles was observed, whereas the number and the size of osteoclasts were significantly reduced after the treatment with SPC ( Figure 8A, B) . Biochemical analysis of the serum bone resorption marker (CTX-1) further confirmed that SPC suppressed osteoclast activity in vivo ( Figure 8C ). Values expressed are means ± SD, n = 11. *P < 0.05, significantly different from the control group.
SPC attenuates implant loosening through NF-κB signalling in vivo
Our in vitro results indicate that SPC down-regulates osteoclast formation and bone resorption through suppressing the NF-κB signalling pathway. To confirm our findings in vivo, we used immunohistochemical staining for activated p65 to investigate the effects of SPC on NF-κB. Our data demonstrated that NF-κB activity in osteoclasts and bone marrow cells surrounding the implant was enhanced by wear particles at 4 and 12 weeks post-surgery. In contrast, the expression of activated p65 was significantly attenuated upon treatment with SPC at both 4 and 12 weeks post-surgery ( Figure 8D, E) . Hence, the inhibition of implant loosening by SPC was confirmed in vivo.
SPC suppresses Ti-induced inflammation by inhibition of the NF-κB signalling pathway in rat BMMs
The activation of NF-κB signalling by the toll-like receptors (TLRs)/MyD88-dependent pathways in macrophage also plays a role in particle-induced osteolysis through inflammatory activities (Landgraeber et al., 2014) . Based on our observation, we next explored the effects of SPC on Tiinduced activation of the NF-κB signalling pathway in BMMs. The Western blot results demonstrated that SPC partly suppressed Ti-induced activation of phosphorylated p65 (Supporting Information Figure S7A , B). Upon further investigating the effects of SPC on IκBα and IKK, we found that SPC also inhibited the activation of phosphorylated IκBα and IKK, as well as the degradation of IκBα (Supporting Information Figure S7C-F) .
To elucidate the effects of SPC on Ti-induced inflammation, we investigated the expression of inflammatory mediators (NO and PGE 2 ) and pro-inflammatory cytokines (Blaine et al., 1997; Hukkanen et al., 1997) . As shown in Supporting Information Figure S8A , the production of NO and PGE 2 were markedly increased after administration of Ti, while SPC successfully reduced their production in a dose-dependent manner. COX-2 and iNOS have been reported to be the key enzymes responsible for the production of NO and PGE 2 . Hence, we analysed the expression of COX-2 and iNOS. The results showed that the Ti-induced elevated mRNA and protein expression levels of COX-2 and iNOS were inhibited by SPC in a concentration-dependent manner (Supporting Information Figure S8B-D) . Meanwhile, the effects of SPC on the Ti-induced production of three proinflammatory cytokines, TNF-α, IL-1β and IL-6, were assayed using qPCR. Supporting Information Figure S9A -C showed that the increased mRNA expressions of TNF-α, IL-6 and IL-1β induced by Ti were suppressed the administration of SPC in a concentration-dependent manner. In summary, SPC might mediate anti-inflammatory activity in Ti-induced rat BMMs via suppression of the NF-κB signalling pathway.
Discussion
Aseptic implant loosening is one of the most common complications of TJA, and over-activated and increased osteoclast activity play a crucial role in this disease. In our study, we have shown that SPC exhibits anti-osteoclastogenic and anti-bone resorptive effects by suppressing RANKL-induced activation of NF-κB signalling in vitro. We have also demonstrated the preventive effects of SPC on particle-induced implant loosening in a rat model by inhibiting osteoclast formation, resulting in reduced periprosthetic bone loss, diminished pseudomembrane formation, improved boneimplant contact and reduced bone resorption-related turnover, as well as enhancement in the stability of the implants. Moreover, we confirmed that, in vivo, SPC attenuated wearinduced osteolysis by modulating NF-κB signalling. Therefore, our study provides evidence that SPC may be a novel treatment for the prevention and treatment of particleinduced implant loosening.
RANKL plays a critical role in driving osteoclast differentiation and function upon binding to RANK on osteoclast precursors, which subsequently triggers a series of cascade activation of downstream signalling pathways, including the ERK, p38, JNK and NF-κB pathways. NF-κB signalling is vital for osteoclast differentiation, as it has been reported that severe osteopetrosis was observed in the p50/p52 doubleknockout mouse by blocking osteoclastogenesis (Iotsova et al., 1997) . After activation by RANKL, the RANK receptor associates its cytoplasmic domain with TNF receptorassociated factor-6 (TRAF6), which further forms a complex with Tak1 and Tak1 binding protein-2 (Tab2) (Lomaga et al., 1999; Bai et al., 2008) . This complex then phosphorylates and activates Tak1, which in turn leads to the phosphorylation of IKK (Mizukami et al., 2002) . However, in its inactive state, a complex consisting of NF-κB with IκB protein is retained within the cytoplasm (Lee and Kim, 2003) . Upon RANKL stimulation, the two catalytic components of IKK, IKKα and IKKβ, work together, resulting in proteasomal degradation of IκB, which subsequently leads to nuclear translocation of NF-κB p65/RelA to modulate the transcription of genes further downstream (Soysa and Alles, 2009) . In our study, we observed that SPC could suppress the phosphorylation of p65. Further investigation showed that SPC inhibited the phosphorylation of IKK and IκBα, as well as the proteasomal degradation of IκBα. However, there were no significant effects of SPC on RANKL-induced activation of TAK1. These data thus indicate that IKKs might be the molecular targets of SPC. Moreover, the results from immunofluorescence staining confirmed the inhibitory effects of SPC on the nuclear translocation of p65 in vitro. Immunohistochemistry of activated p65 around the implants revealed the inhibition of NF-κB by SPC in vivo. However, SPC did not affect the phosphorylation of the MAPK signalling pathway.
Figure 7
SPC inhibited the decrease in fixation strength of the implant, induced by wear particles, in the distal femurs. (A) The distal femurs were fixed vertically in dental cement and positioned on the platform with a canal, and a 1.5-mm-diameter indenter was subsequently used to push the implant out of the bone cavity. (B) Summary data. from samples taken at 4 weeks (4W) and 12 weeks (12W). of the maximal fixation strength. Values expressed are means ± SD; n = 6. *P < 0.05, significantly different as indicated.
NFATc1 is identified as the key molecular target of the NF-κB signalling pathway for modulating terminal osteoclastogenic differentiation (Yamashita et al., 2007) . The NF-κB proteins are bind to the NFATc1 promoter after nuclear translocation, resulting in auto-amplification of NFATc1 during osteoclastogenesis. This factor is a major regulator of osteoclast-specific genes and protein expression, including TRAP, cathepsin K, DC-STAMP and V-ATPase d2. We demonstrated that SPC attenuated the expression levels of these genes at the mRNA and protein levels, as well as osteoclast differentiation and bone resorption.
To our knowledge, the osteoclast is regarded as the primary cell type causing implant loosening. We then established a rat model of titanium particle-induced implant loosening in distal femurs, which serves as one of the classical experimental models of prosthesis loosening (Liu et al., 2012a,b; Bi et al., 2015) . Local distribution of particles around the implants has been reported to diminish weight gain, due to inflammation (Liu et al., 2012a) . Thick fibrous pseudomembranes, containing wear particles, are usually observed between loose implants and cortical or cancellous bone, which is the result of a variable lymphocyte reaction (Bauer and Schils, 1999a,b; Athanasou, 2007) , resulting in the increase of osteoclast formation and activation of bone resorption, thus eventually leading to the reduction of implant fixation. Many studies have previously reported that Figure 8 SPC prevented wear particle-induced peri-prosthesis loosening by suppressing osteoclast activity via inhibition of NF-κB signalling pathway. (A) TRAP staining was performed on specimens (n = 5) after 12 weeks treatment with SPC, and three sections per sample were used for analysis. TRAP positive osteoclasts (black arrows) are indicated by arrows. (B) The number of TRAP positive osteoclasts normalized with respect to the bone surface and the percentages of osteoclast surface per bone surface were measured. (C) Serum levels of CTX-1 were quantified by ELISA. Values expressed are means ± SD; n = 10. *P < 0.05, significantly different from the control group. (D) Sections of specimens around the implants from each group (at 4weeks and 12 weeks) were stained with a specific antibody against active p65, and images were captured under light microscopy. (E) Active p65 positive cells (red arrows) in the trabecular bone and surrounding bone marrow were quantified. At least five sections per group were analysed. Values expressed are means ± SD; n = 5. *P < 0.05, significantly different as indicated.
SPC exerts anti-inflammatory activity in vivo with different disease models (Gao et al., 2009; Song et al., 2015; Wang et al., 2016) , but no one has yet investigated its pharmacological effects on aseptic loosening. Our results demonstrated inhibition by SPC of the reduction in weight gain, induced by Ti particles, an effect which may be due to its anti-inflammatory action. The assays using iDXA and Micro-CT revealed the protective effects of SPC on wear particles-induced periprosthetic bone loss in vivo. Histological data of H&E and Masson staining further confirmed its effects on suppressing bone loss and pseudomembrane formation, as well as improving bone-implant contact. As previously observed in similar models (Smith et al., 2010; Liu et al., 2012b) , fixation strength of femoral implants were significantly reduced due to aseptic loosening induced by intraarticular administration of wear debris, whereas administration of SPC successfully inhibited the fixation reduction. Moreover, TRAP staining confirmed the inhibitory effect of SPC on osteoclastogenesis in vivo. As wear-induced peri-implant osteolysis is a long-term process of net bone resorption that precedes aseptic loosening in the clinic, we chose to sample at 12 weeks of SPC administration in order to observe osteoclasts. Elevated levels of serum CTX-1, a biomarker of bone resorption, have been reported in patients with loosened implants, as compared to those with stable implants (Wilkinson et al., 2003; Streich et al., 2009) , which corroborates our results. Moreover, we found that elevated levels of serum CTX-1 were reduced by SPC. Our results thus provide evidence that SPC could prevent peri-implant bone loss and aseptic implant loosening through inhibiting the activation of osteoclasts and bone resorption in vivo.
The NF-κF signalling pathway is crucial in inflammation, and wear debris could induce local inflammation by stimulating the release of inflammatory cytokines in macrophages (Ingham and Fisher, 2005; Landgraeber et al., 2014) . When metallic wear particles activate TLR4, the adaptor molecules MyD88, IL-1 receptor-associated kinase (IRAK)1, IRAK2, IRAK4 and TRAF6, all take part in the subsequent pathway , resulting in the activation of NF-κB signalling and the production of proinflammatory cytokines and inflammatory mediators (Hirayama et al., 2011) . Our results showed that SPC inhibited the Ti-induced activation of the NF-κB signalling pathway and further suppressed the expression of NO, PGE 2 , iNOS, COX-2, TNF-α, IL-1β and IL-6.
Nevertheless, there are some limitations to this study. UHMWPE wear particles were a more common cause of TJA failure than metal particles (Hirakawa et al., 1996) . However, metal particles are still a causative factor of implant loosening, and both metal and UHMWPE particles could induce osteoclastogenesis and osteolysis in vivo. Therefore, it is reasonable to utilize Ti particles in an animal model, even though UHMWPE particles would be more closely related to the clinical findings. As the statistical power value for the B. Ar/T.Ar ratio in the 4-week samples is lower than 80%, this statistical defect might explain why no differences were detected between different groups in terms of B.Ar/T.Ar in the 4 weeks samples. However, as reliable differences on the BV/TV results of Micro-CT in 4 week samples and B.Ar/T.Ar results of histology in the 12 week samples were detected, we did not increase the number of animals for histology.
Collectively, our study shows SPC exerts an inhibitory effect on osteoclast formation and function by suppressing NF-κB signalling in vitro. We also show its efficacy, in vivo, in preventing particle-induced prosthesis loosening and in improving prosthesis stability in a rat model. Moreover, the effect of SPC on NF-κB signalling was confirmed in vivo. Therefore, we can conclude that SPC may provide a novel therapeutic approach for preventing prosthesis loosening and osteoclastic diseases.
Supporting Information
Additional Supporting Information may be found online in the supporting information tab for this article. Figure S4 The quantification for SPC on the activation of MAPK signalling pathway. (A) The levels of phospho-ERK were quantified by being normalized to total ERK. (B) The levels of phospho-JNK were quantified by being normalized to total JNK. (C) The levels of phospho-p38 were quantified by being normalized to total p38. Experiments were performed at least 3 times and values are expressed as mean ± SD. Figure S5 SPC has no effects on osteogenic differentiation in vitro. (A) Rat primary osteoblasts were cultured in a 96-well plated and treated with a range of concentrations of SPC (0.31-2 mM) for 48 h or 96 h. The viability of cells was measured by the CCK8 kit. (B) Osteoblasts were cultured in osteoinductive medium in the presence of indicated dilutions of SPC for 7 days. ALP staining was performed and ALP activity was measured. (C) Osteoblasts were cultured in osteoinductive medium with different dilutions of SPC for 14 days. ARS staining and quantification were performed. (D) The mRNA expression of ALP, RUNX2, sp7 and OCN in the primary osteoblasts were quantified after osteogenic differentiation for 14 days in the presence of different concentrations of SPC. Experiments were performed at least 3 times and values are expressed as mean ± SD. Figure S6 SPC prevented the decrease of weight gain in a rat model of aseptic implant loosening. Body weight of all rats was measured every week after SPC administration. n = 11 animals per group, Values are expressed as mean ± SD; *P < 0.05 versus the control group; #P < 0.05 versus the Ti group. Figure S7 SPC impaired Ti-induced activation of NF-κB signalling pathway in vitro. (A, C) After 4 h pretreatment with 1 mM SPC or DMSO, BMMs were treated with 0.1 mg·mL
À1
Ti for 0, 5, 10, 20, 30 and 60 min. Cells were collected and cell lysates were analysed by Western blotting using primary antibodies specific to phospho-p65, p65, IκBα, phospho-IKKα/β, IKKα/β,and α-tubulin. (B, D, E) The levels of phospho-p65 and phospho-IKKα/β were normalized to total p65 and IKKα/β. IκBα was normalized to α-tubulin. Three independent experiments were performed for the data analysis and values are expressed as mean ± SD; *P < 0.05 versus the control group. Figure performed to analyse the mRNA expression of TNF-α, IL-1β and IL-6 and all results were normalized to the expression of GAPDH. All experiments were performed 5 times and values are expressed as mean ± SD; *P < 0.05 versus Ti particles alone.
